• Sensitivity analysis is adopted to identify the key design parameters.
INTRODUCTION
Numerical control (NC) machine tools are one of the most important components in modern manufacturing facilities, and high-performance machines are required. The accuracy of the machine tool motion has a significant influence on the quality of the machining operations and the machined parts. The industrial demand for manufacturing geometrically complex parts often calls for multi-axis machine tools to have a tool orientation capability [1] . Five-axis machine tools are becoming increasingly popular and can be found in a large number of manufacturing applications [2] . However, such tools are usually more complicated and less rigid in structure in comparison with traditional three-axis machine tools, which leads to lower machining accuracy [1] . In five-axis machine tools, a rotary table (or rotary-tilting table) is often used as a means for providing rotational motion and is now widely used in the machine shop. As a consequence, a resultant volumetric error, i.e. the relative error between the cutting tool and the machined part, is more complicated than three-axis machine tools. Hence, the reduction of the error to improve the accuracy of the machine tool is crucial.
In a five-axis machine tool, each element contributes some degree of inaccuracy due to their manufacturing and assembling limitations, whereas machine structure stiffness, machine foundation, machine control, operating systems, and environmental conditions further add some inaccuracy. The errors/ inaccuracies can be reduced with the structural improvement of the machine tool through better design, manufacturing and assembly practices [3] . In heavy duty 5-axis machine tools, a hydrostatic rotary table handles supporting and rotating the workpiece, and the location of a rotary axis constitutes a significant error source [4] . Therefore, the accuracy of the rotary table is crucial for part manufacturing with multi-axis machine tools [1] . Its rigidity, precision and carrying capacity is directly related to the machining ability and the accuracy of the NC machine tool.
Due to the lack of effective means of analysis and experiment, the designed rotary table cannot provide users with reliable working performance and bearing capacity, which directly affects the machining accuracy, and the bearing grounding will cause serious economic loss to users. Therefore, how a hydrostatic rotary table is designed for a heavy duty five-axis machine tool is very important for machine manufacturers, which requires determining the relations between the design variables that refer to different disciplines and their effects on various performance objectives. Traditional engineering design is normally performed by teams, each with expertise in a specific discipline, such as hydrostatics or structures. Each team uses the experience and judgment of its members to develop a workable design, usually sequentially. This causes contradictory results from different design teams; therefore, multiple revisions throughout the design process may result [5] . These excessive iterations will clearly increase the cost and time of the design process.
Starting in the 20 th century, engineers decided to use multidisciplinary design optimization (MDO) approaches to solve similar problems [5] . MDO is widely studied and applied in both academia and industry, and can reduce the time required to execute the design process. By using MDO methods, designers may quickly and efficiently conduct alternative design points over a wide range of parameters. MDO has become essential for solving complex engineering design problems. MDO processes allow an evaluation of the constraints for multiple disciplines from the early stages of the design; the expense of making approximations or corrections is thus reduced.
Although the multidisciplinary optimization has been successfully applied in the aircraft industry and resulted in more reliable and better products, it is rarely used in the design of machine tools. To make a high-performance machine, not only can the kinematic functions of mechanisms used in the machine be optimized but also the structure and even the controllability of the mechanisms must be optimized. Therefore, the MDO technique can be used to improve the overall performance of machines. Based on these reasons, the aim of this paper is to present a multidisciplinary optimization method for a hydrostatic rotary table based on sensitivity analysis. The main contribution of this paper is two-fold. Firstly, the proposed multidisciplinary optimization method takes into comprehensive consideration the hydrostatics and structure disciplinary characteristics, which can reduce the iterative modification caused by sequential design by experts in different disciplines. Secondly, because a hydrostatic rotary table is a complex product and has many design parameters, sensitivity analysis is introduced to identify the key design parameters that have significant influence on the performance; therefore, the optimization is realized with quick convergence.
The remainder of this paper is organized as follows. In next section, the background reviews of sensitivity-based MDO are given. The third section presents multidisciplinary characteristics of modelling in both the hydrostatics and structure disciplines. Subsequently, MDO based on sensitivity analysis is implemented in Section 4. Section 5 demonstrates the proposed method with a designed hydrostatic rotary table. The final section contains the conclusions.
BACKGROUNDS

Multidisciplinary Design Optimization
MDO is essential to the design and operation of a complex system, because it simultaneously takes into consideration all relevant disciplines to find the global optimum that is superior to a solution from a sequence of local optimizations in individual disciplines. MDO can be traced back to Schmit [6] and Haftka [7] , who extended their experience in structural optimization to include other disciplines. The intention was to address these challenges and, in particular, the coupling within design hierarchies and between disciplines [8] . The research area of MDO has been intensively investigated over the previous decades [8] , and the focus of MDO has shifted dramatically, as faculties and researchers are finding new ways to use MDO methods and tools on a wide array of problems [9] and [10] . There have been many advances to capture, represent, and propagate couplings in analysis, design, and organizations, yet the design of complex engineered systems continues to be challenging.
MDO can enhance system design by exploiting synergies among different disciplines. However, there are two major challenges in applying MDO: organizational and computational complexities. The organizational complexities mean that a simultaneous consideration of multiple disciplines may increase the difficulty of data origination and coordination between different disciplines or different computeraided engineering (CAE) software. The increased complexity of the optimization system inevitably causes increased amounts of computing, and the convergence problem increases the computational complexities [11] . To address these two challenges, one of the research focuses in MDO has been on optimization procedure [9] and [10] . Optimization procedures can be categorized into two types:
single-level and multi-level approaches. Single level approaches employ a system optimizer for the whole problem, which is straightforward to understand and easy to implement. Multi-level approaches utilize decomposition strategies to allow disciplinary autonomy in design and optimization while managing interdisciplinary consistency via system coordination [12] .
One of the first applications of MDO was aircraft wing design, where aerodynamics, structures, and controls are three strongly coupled disciplines [13] . Since then, the application of MDO has been extended to complete aircraft [14] and a wide range of other engineering systems, such as bridges [15] , buildings [16] , automobiles [17] and [18] , ships [19] , and spacecraft [20] . Yifei et al. [21] proposed the framework of multidisciplinary energy-saving optimization design for bridge cranes, and realized metal structures level, transmission design level, and electrical system design as well as the optimization design of bridge cranes.
There have been many summaries of MDO since the 1990s. In a collection of articles Kroom [22] provided a comprehensive overview of MDO, including a description of both monolithic and distributed architectures. Sobieszczanski-Sobieski and Haftka [23] presented a detailed summary of the MDO literature. Because one of the most important considerations when implementing MDO is how to organize the discipline analysis models, approximation models, and optimization software in concert with the problem formulation, a combination of problem formulation and organizational strategy is referred to as an MDO architecture. Martins and Lambe [24] provided a survey of all the architectures that had been presented at length in the literature.
In engineering design, to achieve high reliability and safety in complex and coupled multidisciplinary systems, reliability-based multidisciplinary design optimization (RBMDO) has received increasing attention. Since the 1990s, the consideration of the effect of uncertainty has been one of the focus areas in engineering design [25] and [26] . RBMDO can improve the system design by exploiting the synergistic effects between coupled disciplines by interdisciplinary collaboration, and can also enhance the reliability by taking uncertainties into consideration in the design phase [27] . There are successful applications of RBMDO clearly demonstrating its efficacy [28] . Yao et al. [27] summarized two categories of RBMDO procedures: the single level procedure, and the decomposition and coordination-based procedure, which were mostly developed under random uncertainties with probability theory [8] .
Hydrodynamics Design and Analysis
The design of hydrostatic rotary tables has been studied by researchers in recent years, mostly concentrating on the hydrostatic part. Traditional optimization research work is mostly based on single objective, such as pump power, friction factor, bearing-capacity [29] to [31] , and many researchers have used this method to design the hydrostatic bearings [32] to [35] . Lin studied the influence of factors including surface roughness and inertia, and optimized the bearing [34] . Zhao et al. used Isight software to optimize hydrostatic guideways with multiple pockets for a heavy duty CNC vertical turning mill [36] . Solmaz compared single and multi-objective optimization solutions of hydrostatic radial bearings and thrust bearings [37] .
Several researchers have intensively studied the optimization of hydrostatic bearings. As for the rotary table, because it has a huge volume and many rib plates, and because there are many design parameters, it is difficult to realize the multidisciplinary optimization quickly and with good convergence. Fortunately, sensitivity analysis can evaluate the variation in dynamic model outputs with respect to variation in model parameters. Therefore, sensitivity analysis needs to be taken into account in order to weigh all of the parameters to get a more accurate optimization results.
Sensitivity Analysis
Sensitivity analysis (SA) can be used to identify the effect of system parameter uncertainty variation on system responses and to identify the most critical parameters [38] and [39] . It is one approach to identifying and quantifying the relationships between input and output uncertainties [40] , and can evaluate the variation in dynamic model outputs with respect to variation in model parameters. Therefore, SA can be used to perform uncertainty analysis, estimate model parameters, analyse experimental data, guide future data collection efforts, and suggest the accuracy to which the parameters must be estimated [41] . For a review on methods for SA, see Saltelli et al. [42] , and Helton and Davis [43] .
SA is divided into the local sensitivity analysis (LSA) and global sensitivity analysis (GSA) [44] . LSA, emphasizing the effect of small parameter variations on model responses, is used to determine model response changes with an individual parameter. GSA is applied to understand how the model response varies with the model parameters to determine interaction strengths among the parameters, such as Fourier amplitude sensitivity test, regressionbased methods, Sobol method, and McKay's oneway ANOVA method [45] . The global SA examines the global response (averaged over the variation of all the parameters) of model output(s) by exploring a finite (or even an infinite) region. The local SA, easier to implement, can only inspect one point at a time, and the sensitivity index of a specific parameter is dependent on the central values of the other parameters.
There are several numerical methods for the calculation of LSA, e.g. finite differences [44] , iterative approximation with directional derivatives [46] or the direct decoupled method [47] , but the calculated values should be identical within the numerical accuracy of the method used. Common GSA techniques include correlation and regression modelling, variance decomposition analysis [48] , factorial screening [49] , and partitioning based generalized sensitivity analysis. Saltelli et al. provided an extensive list of other techniques that have also been found useful in this context [44] .
MULTIDISCIPLINARY CHARACTERISTICS MODELING
Structure of Hydrostatic Rotary Table
According to engineering experience, a heavy hydrostatic rotary table whose diameter is more than 5 metres will have double support circles, as shown in Fig. 1 . Generally, a hydrostatic rotary table consists of five parts: the oil supply system, the drive system, the countertop, the base system, and the support system. The countertop and support system are the most important parts of the rotary table, which are needed to focus on during the design process. The support system includes supporting oil pads, preloaded oil pads and the radial bearing. The supporting oil pad is a circular step pad, and a rotary table has 24 supporting pads in total. They are arranged in two supporting circles and the number of pads in the second supporting circle is twice of that of the first supporting circle. The preloaded oil pad is annular step recess pad and provides a pre-pressure that can enhance the stiffness of the turntable. The radial bearing has four recesses and is mounted in the centre of the turntable. The supporting system has twenty-nine pads (include 24 supporting pads, 1 preload pad and 4 radial pads) which need a constant flow of oil, but it is expensive and unnecessary to assemble twenty-nine constant displacements. The hydrostatic oil supply is divided into many portions by multi-point gear oil separators, which are always connected by a shaft. Therefore, only a small number of oil pumps can supply all the oil pads.
For multi-pad hydrostatic bearings, compensation is needed, because of the issues of mutual influence between the oil pads. Restrictors (e.g. orifice, capillary, cylindrical-spool valves and so on) are widely used as compensation devices as described in detail in references [29] to [31] . Constant flow is another effective compensation method via the use of multi-point gear oil separators and so every pad has the same flow rate, and there is little interaction between the oil pads. All the equal gear pumps are connected by one shaft, which forces them to rotate at the same speed and produce the same flow rate. A detailed compensation theory of constant flow is described on page 17 of reference [30] .
Characteristic Modelling of Structural Discipline
The rotary table countertop structure diagram is shown in Fig. 2 , and it is mainly composed of a rib structure. The size parameters directly determine the performance of the countertop. Ideally, the rotary table should have a minimum mass and deformation while having the best static and dynamic performance. The decrease of mass, structure deformation and the increase of natural frequency can not only reduce costs but also enhance the accuracy of the rotary table. Therefore, the optimization goals for the structure discipline are to minimize the mass and deformation and to maximize the natural frequency. The value of countertop's mass, deformation and natural frequency are determined by all the design parameters. Then, the mass function, deformation function, and modal frequency function can be written as follows:
(1) 
R T is a design parameter of the countertop and has some influence on its mass, deformation, and natural frequency. In Eqs. (1) to (3), R T is not considered not because of its lowest influence but that it is mainly decided by the machining capacity of the NC machine tool. In other words, R T is decided by the designer of machine tool not by the designer of the rotary table.
Therefore, when the design of the rotary table is started toR T has already been determined as a constant value. The objective function in structure part can be written as:
where the minus sign in Eq. (4) means the optimization goals is minimum.
Characteristic Modelling of Hydrodynamics Discipline
Establishment of Reynolds Equations
In this study, it is assumed that thin film lubrication theory is applicable, and the flow in bearing is isothermal, laminar and axisymmetric. The Reynoldstype equation and the radial fluid flow equations can be given as (The specific derivations are shown in Appendix):
where r is the radius, h is the film thickness, p is the film pressure, t is the time, and η is the lubricant viscosity.
Calculation of Supporting Oil Pad
As shown in Fig. 3 , the supporting pad of the rotary table is a circular recess pad, R 1 and R 2 are the inner radius and outer radius of the pad respectively, Q 0 is the flow rate supply to the pad. 
where the detailed derivations of p 0i , p i (r) and F i are shown in Appendix.
In addition, the stiffness, the damping coefficients and the pump power are obtained as follows: 
The Calculation of the Preloaded Oil Pad
The preloaded oil pad is an annular recess pad as shown in Fig. 4 , R C1 , R C2 , R C3 , R C4 are the structural parameters of the annular recess pad. The load-carrying capacity of the bearing can be calculated by integrating the hydrostatic film pressure: 
where p 0y and p y (r) are the recess pressure and the film pressure profile of a preloaded oil pad, respectively. Then the stiffness, the damping coefficients and the pump power are obtained as follows: 
where the detailed derivations of p 0y , p y (r) and F y are shown in Appendix.
Optimization Objective Function in Hydrostatics
The support system consists of supporting oil pads, preloaded oil pad and radial bearing. So the stiffness, damping coefficients and the pump power can be calculated as follows: 
Forces on the turntable are balanced in the initial state, so we have Eq. (14). 
Turntable manufacturers tend to determine the film thickness of the supporting oil pads and the preloaded oil pad at first and then determine the flow rate of the oil pad, so in this work the flow rate of preload oil pad Q 1 is calculated by Eq. (14) .
The objective function can be written as:
Therefore, the total objective function in hydrostatics discipline can be written as:
3 MDO BASED ON SENSITIVITY ANALYSIS
Sensitivity Analysis
Different design parameters of the rotary table have different influences on its performance. Because there are many design parameters, it is difficult to realize optimization with a good convergence. Therefore, it is feasible to select the key parameters that have a significant influence on performance to implement optimization. The sensitivity is the gradient of a concern target to the design parameters of the rotary table, and SA can help identify the key parameters [43] .
Here, SA can be divided into two parts: the first part is about the rotary table structure SA; the second part is about hydrostatic part SA. The derivations of objective function f 1 , f 2 to the parameters x 1 and x 2 can be found respectively.
Where, . . (17) As for the first part, a parameterized FEM model is established to calculate SI(f 1 ) in ANSYS software, and the sensitivity of the second part is calculated in MATLAB according to Eq. (13) 
MDO Strategy
The MDO strategy starts from the design problem itself and is aimed at calculation structure and information organization. It is necessary to decompose the coupling relationship for multidisciplinary analysis and optimization. Information organization of MDO can make virtual design between different disciplines and different CAE analysis software possible and practical. With current computing resources, techniques of multidisciplinary optimization can be integrated effectively with multi-objective optimization algorithms to search for optimal designs; the detailed process is illustrated in Fig. 5 . Isight is a generic software framework for the integration, automation, and optimization of design processes [50] . In this optimization, commercial software, such as CATIA, ANSYS, and MATLAB, are integrated with Isight so that they can input design parameters and output analysis results through a unified software platform The optimization implementation is completed in five steps.
Step 1: start Isight software; Step 2: set up in Isight software including connect MATLAB, CATIA, ANSYS with Isight, drag optimization component to the task, and set up boundary conditions, variables, objectives and other optimization parameters; Step 3: Run Isight and optimization component; Step 4: Iterations are implemented until the maximum iteration steps are attained; Step 5: Output the results and the optimization is completed. In this study, particle swarm optimization (PSO) is selected as the optimization algorithm to optimize the turntable. PSO was proposed by Kennedy and Eberhart [51] , Shi, and Eberhart [52] and Kennedy [53] ; it is a stochastic optimization method based on swarm intelligence theory. It has been successfully applied in continuous optimization problems such as neural network training [54] , voltage stability control [55] , distribution route selection [56] and the optimization of cutting parameters [57] .
PSO mimics the social behaviour of animal groups such as flocks of birds or fish shoals [58] . The process of finding an optimal design point is similar to the food foraging activity of animals. During the searching process, an animal can obtain maximum global optimization results via group co-operation.
In PSO, particles represent potential solutions of the problem, every particle associated with two parameters: the position x i,d and velocity V i,d in dimension d. When PSO is used to search for the best solution of a problem, each particle's movement is influenced by its local best known position, but is also guided toward the best known positions in the searchspace, which are updated as better positions are found by other particles. This is expected to move the swarm toward the best solutions [51] . Specifically, position x i,d and velocity V i,d are updated in (t+1) th iteration by the equations as follows:
( Here i is particle's index and d represents the d th design parameters, in other words, if there are np particles and nd design parameters need to be optimized, V and X are matrices of np rows and nd columns. pbestX i,d is particle i's personal best experience; gbestX d is the group best experience found by all the particles so far; c 1 and c 2 are the acceleration coefficients; r 1 and r 2 are two random numbers that generated with the uniform distribution in the range of [0, 1]; and w is the inertia weight that is used to balance the global/local searches of particles.
The steps of PSO adopted in this research are showed in Fig. 6 . First, we need to set up initial values and boundary conditions for all design parameters, maximum iteration times, inertia weight w and the number of particles np. Then the maximum fly velocity V max should be set up. Thirdly, iterations are processed to obtain the best position of particles by four steps.
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Multidisciplinary Design Optimization
The parameterized FEM of the rotary table countertops is established in CATIA to analyse its sensitivity. The sensitivity of hydrostatic part will be computed according to Eq. (13) and Eq. (16). The normalized results are shown in Fig. 7 . According to Fig. 7a to c, among all the design parameters of the countertop, a 1 , a 3 , a 5 , a 7 have major influence on both mass and natural frequency, which means designer should take them seriously and carefully and decide their values. As for the hydrostatic part, film thickness parameters (like: h s0 , h y0 ) have the biggest influence on the performance, and in the next place are the flow rate (lQ 0 ) and the structural parameters of pads (R 1 , R 2 , R C1 , R C2 , R C3 , R C4 ). The influence of other parameters such as ƞ, n1, w is very small and can be ignored. Therefore, Q 0 , R 1 , R 2 , R C1 , R C2 , R C3 , R C4 can be selected as key parameters to do optimization analysis. The total objective function and constraints can be listed as follows:
Objective: 
In Isight, by connection with MATLAB, CATIA, and ANSYS, the objective functions, constraints and PSO algorithm can be established according to Fig. 5 . Better results can be obtained when the particle size is 20, the inertia is 2e-3, the maximum velocity is 1e-4 and the maximum iterations are 800 (these parameters are decided on according to experience). Fig. 8 shows the pareto optimization results, In Fig. 8a , the horizontal axis stands for the dimensionless mass, and the vertical axis are the values of the nondimensional first three order of natural frequency and maximum deformation of the countertop. Similarly, in Fig. 8b , the horizontal axis stands for nondimensional N T , and the vertical axis are nondimensional K Z , K t , C Z and C t . The partial optimized results are as shown in Table 1 . 
MEASUREMENT VERIFICATION AND ANALYSIS
According to design experience, Result 1 in Table 1 is selected as the final result, and the correspondingly designed heavy hydrostatic rotary table is shown in Fig. 9 . In order to verify the effectiveness and feasibility of the optimization results, experiments were performed on the turntable bearing after assembly.
The first test was a sweep test, as shown in Fig.  10 , done by exciting countertop of the rotary table about 20 minutes with a vibration exciter, and the sweep range was 5 Hz to 100 Hz; speed was 0.08 Hz/s. Finally, we obtained the first, second and third natural frequencies of the countertop. Furthermore, FEM models of the initial and optimized countertops were established in ANSYS to perform a modal analysis. Test and modal analysis results are shown in Table 2 . The natural frequency of the countertop after optimization is 33.79 Hz, and the experimental value is 37.25 Hz. The error between them is not large; this means that the simulation results are accurate. Therefore, we can draw that the dynamic performance of the rotary table has been significantly improved. Secondly, the bearing capacity of the rotary table was tested, as shown in Fig. 11 . The average film thickness of each oil pad was measured by a dial indicator when the rotary table was under different load states. The load varied from 0 t, 150 t, 280 t to 410 t. Fig. 12 shows the measurement results when the load is 410 t. According to prior experience, the film thickness should be greater than 0.08 mm when under the maximum load of 410 t. Therefore, it can be assumed that the designed rotary table can meet the requirement. The error between experimental and optimized simulation curve is less than 20 %, which is within a reasonable range of error. The optimized simulation curve is slightly better than the former film thickness curve, which indicates that the stiffness of the film has gained a certain improvement. Therefore, the above results indicate that this optimization method is effective and feasible. 
CONCLUSION
A heavy duty hydrostatic rotary table is often used as a means for providing rotational motion and handles supporting and rotating the workpiece in heavy-duty five-axis machine tools. Its rigidity, precision and carrying capacity are directly related to the machining ability and the accuracy of the NC machine tool. Due to the lack of effective means of analysis and experiment, the traditionally designed rotary table cannot provide users with reliable working performance and bearing capacity, and the rail grinding risk will cause serious economic loss to users. Therefore, properly designing a hydrostatic rotary table of a heavy-duty fiveaxis machine tool is very important for machine manufacturers, which aims to reduce its mass, supply pump power and save energy on the premise of good performance. The traditional design of a hydrostatic rotary table is normally performed by different teams sequentially, with expertise in a specific discipline.
Sensitivity-based Multidisciplinary Optimal Design of a Hydrostatic Rotary Table with Particle Swarm Optimization
This will cause contradictions and result in excessive iterations, higher costs or longer design process time.
In this paper, a sensitivity-based multidisciplinary optimization design method of a hydrostatic rotary table is proposed. The method takes hydrostatics and the structure's disciplinary characteristics into consideration, and a comprehensive optimization model is established. To achieve the optimization goal, PSO is introduced in Isight with the integration of CATIA, ANSYS, and MATLAB. In order to optimize with good convergence, SA is adopted to identify the key design parameters that have significant influence on the performance of a rotary table.
Characteristics of this method are summarized as follows.
Compared with the current methods in manufacturing, the proposed multidisciplinary optimization method establishes an optimization model with the integration of hydrostatics and structure disciplinary characteristics together, which can reduce the iterative modification caused by sequentially design by experts in different disciplines.
A hydrostatic rotary table is a complex product and has many design parameters, which increases the difficulty of optimization. SA is introduced to identify the key design parameters that significantly influence the performance of hydrostatic rotary tables; therefore, the optimization convergence is improved.
Despite the progress, it is important to note the limitation of the method needed to be further addressed to perfect the current work. In this work, the thermal effect is not considered, and the temperature is still cannot be ignored in the design process. Therefore, the development of an effective approach to integrate the thermodynamics characteristic into the optimization process is another focus for future research. 
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Substituting the boundary conditions into Eq. (A7), we can gotten that: 
Then, the load-carrying capacity of the bearing can be calculated by integrating the mean steady hydrostatic film pressure: In addition, the stiffness, the damping coefficients and the pump power are obtained as follows: 
For annular recess pad (shown in Fig. 4 
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The load-carrying capacity of the bearing can be calculated by integrating the hydrostatic film pressure. 
